In this issue of Cell Host & Microbe, Lu et al. (2013) report on the redundancy of signaling pathways controlling Candida albicans filamentation and pathogenicity. In the process, they provide important insight into how this normal commensal of humans adapts to different host microenvironments to become a highly successful opportunistic pathogen.
Candida albicans is part of the normal human microbiota, frequently colonizing the skin as well as the genitourinary and gastrointestinal tracts. Normally a commensal, this opportunistic pathogen is capable of causing overt disease (candidiasis), but usually only in hosts with defective immunity. The frequency of candidiasis has drastically increased in the last few decades due to an expanding population of immunocompromised patients and, as a result, candidiasis is now the third to fourth most common nosocomial infection in U.S. hospitals, carrying unacceptably high morbidity and mortality rates even in patients treated with available antifungal agents. Since this fungus lacks any apparent environmental reservoir, the biology and pathogenicity of C. albicans can only be properly understood within the context of its long history of association and evolution with mammalian hosts. Thus, it is entirely possible that at least some of the adaptations that have promoted commensalism in a healthy host during millions of years of coevolution could have primed the fungus to acquire an ability to unleash its virulence potential and take full advantage of an immunocompromised host (Pierce et al., 2013) .
Similar to other pathogenic fungi, the capacity of C. albicans to sense its surroundings and adapt to changing microenvironments within the host is critical for both its survival as a commensal and ability to cause disease as an opportunist (Cottier and Mü hlschlegel, 2009; Pierce et al., 2013) . In the human body, each of these local microenvironments represents a unique combination of physico-chemical and biological factors (i.e., temperature, water, gases, metabolites, and ion concentrations) that can profoundly affect the growth and pathogenic potential of C. albicans (Cottier and Mü hlschlegel, 2009) . Of all the biological processes associated with C. albicans pathogenicity, morphological conversions-the ability to undergo reversible transitions between a variety of yeast and filamentous forms-have attracted the most attention. C. albicans morphogenesis is a complex and highly orchestrated process, as multiple regulatory circuits may converge on separate or identical transcription factors, and transcription factors may themselves converge on common hypha-specific target genes (Sudbery, 2011) . C. albicans filamentation (see Figure 1 ) can be induced by many different environmental cues such as mammalian serum, body temperature (37 C), cell density, neutral pH, certain nutrients, starvation, and embedded conditions, which presumably reflect the variety of signals sensed by the fungus in the different microenvironments it encounters within its mammalian host (Cottier and Mü hlschlegel, 2009; Sudbery, 2011) .
In this issue of Cell Host & Microbe, the Liu and Filler laboratories report on the process of hyphal maintenance and elongation and how it is synergistically regulated by hypoxia, CO 2 , and nutrition to control C. albicans pathogenicity (Lu et al., 2013) . The ability to adapt to oxygen limitation is important for pathogenic fungi as both tissue necrosis caused by the invading pathogen and the influx of immune cells generate a hypoxic environment at the site of infection (Grahl et al., 2012) . Conversely, carbon dioxide levels are frequently high in internal host tissues and at hypoxic sites (Cottier and Mü hlschlegel, 2009 ), thus together favoring filamentation. However, relatively little is known about the mechanisms by which the fungus responds and adapts to hypoxia. In contrast, many nutritional and stress signals, as well as pH, are known to be important for regulating morphogenesis and pathogenesis (Cottier and Mü hlschlegel, 2009 ).
Previous work has demonstrated that a chromatin-remodeling pathway, involving the Brg1 transcription factor and Hda1 histone deacetylase, is required for maintenance of C. albicans hyphal growth in response to serum, N-acetylglucosamine, or nutrient limitation under normal air conditions (Lu et al., 2011 (Lu et al., , 2012 . In addition, both hypoxia and elevated CO 2 levels have previously been shown to drive hyphal growth (Grahl et al., 2012; Sudbery, 2011) . However, our understanding of how pathways that respond to environmental conditions interact with each other to maintain hyphal elongation is still very limited. To solve this puzzle, the authors use sets of mutant strains in one or more of these pathways in order to dissect their specific contributions, as well as potential synergy and redundancy, to hyphal elongation ( Figure 1 ) and virulence during systemic infection. While the Brg1/Hda1 chromatin-remodeling pathway was previously shown to play a major role in controlling C. albicans hyphal development in vitro, in the current study the authors show, surprisingly, that mutant strains defective for this pathway were still able to filament within infected tissues and exert full virulence in the murine model of hematogenous disseminated candidiasis. In contrast, a strain deleted for UME6, which encodes a key filament-specific transcriptional regulator and downstream target of the Brg1/ Hda1 pathway, shows attenuated virulence in the same animal model (Banerjee et al., 2008) . The authors next demonstrate that, in vitro, the combination of hypoxia and elevated CO 2 can bypass the requirement of the Brg1/Hda1-mediated chromatin remodeling pathway, but not Ume6, for hyphal elongation. In the process of further characterizing how hypoxia controls Ume6-mediated hyphal elongation/maintenance, the authors identify Ofd1, a prolyl 4-hydroxylase-like 2 oxoglutarate-Fe(II) dioxygenase, which acts as an oxygen sensor. They also describe an uncharacterized CO 2 sensing pathway. Acting in concert, these two parallel pathways stabilize Ume6 protein levels, which leads to sustained hyphal maintenance through a positive feedback loop in which Ume6 binds to its own promoter. These results strongly suggest that preventing Ume6 degradation represents an essential mechanism for sustained hyphal development in hypoxia and high CO 2 . The authors then constructed a strain with mutations in both the Hda1 deacetylation pathway and Ofd1. In contrast to single mutants in each of these pathways, this double mutant was unable to sustain UME6 expression under single or combined hyphal elongation conditions (air and/or hypoxia plus high CO 2 ). Moreover, this double mutant also showed greatly attenuated virulence in vivo, accompanied by a severe filamentation defect in tissues, which clearly indicates a high degree of synergy between the two parallel pathways of hyphal maintenance during systemic candidiasis.
The results described by Lu et al. provide significant insights into the redundancy and synergy of signaling pathways that control C. albicans hyphal development, with important repercussions in the pathogenesis of invasive candidiasis. More specifically, these results suggest that C. albicans uses multiple redundant and/or synergistic signaling pathways to integrate host signals to promote hyphal development, tissue invasion, and virulence during infection. While the current study only examines hypoxia, CO 2 , and nutrient conditions, it is entirely possible that the situation is more complex and additional host environmental cues and signaling pathways also play a role. In this respect, C. albicans may resemble certain bacterial pathogens that use complex regulatory networks to integrate a variety of host signals to promote both virulence and virulence-specific gene expression (Filloux, 2012) . The identification of Ofd1 as a critical oxygen sensor in C. albicans also significantly advances our understanding of how this pathogen responds to hypoxia. In the fission yeast Schizosaccharomyces pombe, the Ofd1 ortholog controls the stability of Sre1, a transcriptional regulator important for hypoxic responses and survival. Intriguingly, Ofd1 appears to have been rewired over evolution to control C. albicans Ume6 stability, filamentation, and virulence. The presence of Ofd1 orthologs in Cryptococcus neoformans, Aspergillus fumigatus, and many non-albicans Candida species suggests that this oxygen sensor may play an evolutionarily conserved role in controlling filamentation and/or virulence in response to hypoxia for a variety of pathogenic fungi. The current study by Lu et al. also provides new insight into how opportunistic pathogens, such as C. albicans, have evolved to successfully adapt to both commensal and pathogenic lifestyles. As a commensal resident of the oral and vaginal cavities, C. albicans is exposed to air and can filament in response to appropriate nutrient conditions, but is not normally pathogenic. However, in systemic and deep-seated infections, C. albicans not only encounters appropriate nutrient conditions but also hypoxia and hypercarbia. Only when pathways responding to all of these conditions are activated does C. albicans shift to the pathogenic lifestyle. Have other opportunistic fungal pathogens evolved similar mechanisms to shift between commensal and pathogenic lifestyles in response to the integration of host environmental cues? While intriguing, the answer to this question will need to await further studies.
Interestingly, in addition to filamentation, redundancy is also observed in the case of other biological processes associated with C. albicans pathogenesis, such as adhesion, production of degradative enzymes, and mechanisms of antifungal resistance. Of note, this level of redundancy may explain the lack of correlation between in vitro and in vivo observations (Noble et al., 2010) and also may make it difficult to target some of these processes for antifungal drug development. Redundancy of signaling pathways controlling hyphal elongation and other physiological processes in C. albicans is likely to have developed through millions of years of coevolution as a normal commensal of mammalian hosts. Unfortunately, the fungus is fully capable of using these adaptations to become a formidable opportunistic pathogen of compromised patients, which may have had a profound impact on the dramatic increase in the incidence of candidiasis that we have witnessed during the last few decades. The biosynthesis of fusion-competent envelope glycoproteins (GPs) is a crucial step in productive viral infection. In this issue, Klaus et al. (2013) identify the cargo receptor endoplasmic reticulum (ER)-Golgi intermediate compartment 53 kDa protein (ERGIC-53) as a binding partner for viral GPs and a crucial cellular factor required for infectious virus production.
Over the past decades, several enveloped viruses of the arenavirus, filovirus, hantavirus, and coronavirus families have emerged as causative agents of severe human disease with high mortality. Considering the current lack of licensed vaccines and the limited therapeutic options at hand, the development of novel antiviral drugs against these pathogens is urgently needed. A major challenge for the development of efficacious drugs against emerging viruses is frequently the limited molecular information available. However, as for all viruses, these emerging enveloped viruses critically depend on the molecular machinery of the host cell for their multiplication. Therefore, targeting cellular factors represents a promising approach for therapeutic intervention.
A crucial step in the multiplication of enveloped viruses is the biosynthesis of the fusion-competent envelope glycoprotein (GP) that decorates the virion surface and mediates host cell attachment and entry. Enveloped viruses hijack the host cell's secretory pathway for GP biosynthesis. En route through the secretory pathway, viral GPs are subject to posttranslational modifications, including N-and O-glycosylation and, in many cases, proteolytic processing by cellular proteases. While much has been learned in the past years about the nature of these modifications and their role in GP stability and biological function, the specific nature of the cellular factors implicated in GP synthesis, transport, and maturation is only partially understood. In this issue of Cell Host & Microbe, Klaus et al. (2013) sought to close this gap by performing a broad proteomic screen to identify cellular proteins that interact with viral envelope GPs. Using the GPs of the prototypic arenavirus lymphocytic choriomeningitis virus (LCMV) and the New World hantavirus Andes (ANDV) as baits, an unbiased screen was carried out, employing a pull-down approach, combined with mass spectrometry analysis. The screening results revealed complex interaction patterns for both viral GPs, including numerous candidate cellular proteins. Despite remarkable differences in their interactomes, both LCMV and ANDV GPs were found to associate with a set of common cellular proteins.
Among the candidate proteins present in both sets, a mannose-specific membrane lectin associated with the endoplasmic reticulum (ER)-Golgi intermediate compartment (ERGIC), ERGIC-53, was of particular interest (Itin et al., 1996; Schweizer et al., 1988) . In mammalian cells, the ERGIC is a system of tubulovesicular membrane clusters located between the rough ER and the Golgi. ER-derived cargo traffics to ERGIC-53-positive compartments, followed by a second vesicular transport step toward the Golgi (Appenzeller-Herzog and Hauri, 2006) . ERGIC-53 functions as a cargo receptor for the transport of cellular glycoproteins from the ER to the Golgi. A deficiency in ERGIC-53 results in a selective defect in glycoprotein secretion and, in humans, manifests as combined factor V-factor VIII deficiency (F5F8D), a rare, autosomal recessive coagulation disorder characterized by reduced levels of both coagulation factors V and VIII (Neerman-Arbez et al., 1999) .
ERGIC-53 was found to specifically interact with a broad spectrum of class I viral fusion proteins derived from several arenaviruses, hantaviruses, severe acute respiratory syndrome (SARS) coronavirus, influenza virus, and filoviruses. However, ERGIC-53 was unable to recognize the G protein of vesicular stomatitis virus,
